The dermal compartment of skin is primarily composed of collagen-rich extracellular matrix (ECM), which is produced by dermal fibroblasts. In Young skin, fibroblasts attach to the ECM through integrins. During ageing, fragmentation of the dermal ECM limits fibroblast attachment. This reduced attachment is associated with decreased collagen production, a major cause of skin thinning and fragility, in the elderly. Fibroblast attachment promotes assembly of the cellular actin cytoskeleton, which generates mechanical forces needed for structural support. The mechanism(s) linking reduced assembly of the actin cytoskeleton to decreased collagen production remains unclear. Here, we report that disassembly of the actin cytoskeleton results in impairment of TGF-b pathway, which controls collagen production, in dermal fibroblasts. Cytoskeleton disassembly rapidly down-regulates TGF-b type II receptor (TbRII) levels. This down-regulation leads to reduced activation of downstream effectors Smad2/Smad3 and CCN2, resulting in decreased collagen production.
intact, dense collagen fibrils, through integrin collagen receptors. This attachment promotes assembly of the cellular actin cytoskeleton, which generates mechanical forces that give rise to fibroblast morphology. 6, [17] [18] [19] [20] During ageing, collagen fibrils become fragmented, less dense and disorganized. 17 Fragmentation destroys attachment sites, thereby diminishing the assembly of the actin cytoskeleton within fibroblasts.
Assembly of the actin cytoskeleton, following integrin-dependent attachment of fibroblasts to the dermal ECM, is a highly complex process involving the co-ordinated assembly of a large number of cytoskeletal proteins. [21] [22] [23] [24] [25] Central to this process is the dynamic, reversible polymerization of actin monomers to form microfilaments that provide critical intracellular mechanical support. [26] [27] [28] Production of ECM proteins by dermal fibroblasts is primarily regu- which are transcription factors. Smad proteins regulate many genes that encode for components of the ECM, including collagens, laminins, fibronectin and proteoglycans. 5, 9, 29 In aged human skin, several components of the TGF-b pathway are reduced. 9, 30 Impairment of the TGF-b pathway like accounts, at least in part, for diminished ECM production that is observed in aged skin. In this study, we used latrunculin A (Lat-A), a potent inhibitor of actin, 31, 32 to investigate mechanisms that link assembly of actin microfilaments to production of type I collagen, in human skin fibroblasts. We find that interference with actin polymerization impairs the TGF-b signalling pathway through specific down-regulation of TGF-b type II receptor (TbRII). This down-regulation is mediated, in part, by increased microRNA 21 (miR-21), which directly targets TbRII synthesis. These data provide novel insights into mechanisms, by which disassembly of the actin cytoskeleton may deleteriously alter fibroblast function leading to age-associated skin atrophy. 
| MATERIALS AND METHODS

| Materials
MEM
| Cell culture
Primary adult human dermal fibroblasts were prepared from fullthickness punch biopsies (4 mm) obtained from sun-protected following the manufacturer's instructions.
| Western analysis
Western blots were performed as described previously. 33 Briefly, whole cell proteins were prepared using whole cell lysis buffer followed by centrifugation. Immunocytochemistry was performed as described previously. 9 Briefly, cells were fixed in 4% PFA (paraformaldehyde) for 2 hours at 
| Statistical analysis
Comparisons between samples were performed with the paired ttest (two groups) or the repeated measures of ANOVA (more than two groups). Multiple pair-wise comparisons among samples were made with the Tukey Studentized Range test. All P values are twotailed and considered significant when <.05.
| RESULTS
| Disassembly of actin cytoskeleton downregulates TGF-b type II receptor
To explore the connection between the actin cytoskeleton and dermal fibroblast function, we disrupted the cytoskeleton with Lat-A, which sequesters monomeric actin thereby causing rapid depolymerization of actin microfibrils. 35 As expected, Lat-A caused marked loss of actin stress fibres ( Figure 1A , left panel) and reduced the average surface area of fibroblasts approximately 70% ( Figure 1A , right panel).
We previously reported that the TGF-b pathway is regulated by cell size and mechanical force regulate in dermal fibroblasts. 36 When fibroblasts contract and generate less mechanical force, TGF-b signalling is reduced. 27 Therefore, we investigated whether disassembly of the actin cytoskeleton, which reduces fibroblast size and mechani- 
| Actin cytoskeleton assembly stimulates TGF-b signalling and type I procollagen expression
Inhibition of actin microfibril formation by Lat-A has been shown to be rapidly reversible. [37] [38] This reversibility provides a unique opportunity to control cytoskeletal assembly and determine its role in fibroblast functions. Therefore, we next assessed the impact of actin cytoskeleton assembly on TGF-b signalling and gene regulation. For these studies, fibroblasts were first treated with Lat-A or vehicle for 24 hours, and then Lat-A-containing media were replaced with normal media.
Within 24 hours after removal of Lat-A, distinct actin microfibrils were observed ( Figure 3A) . Importantly, TbRII protein levels were also restored to pre-Lat-A treatment levels ( Figure 3B ). This restoration of Figure 4D ).
These data demonstrate that modulation of TbRII expression in response to the state of actin cytoskeleton assembly plays a key role in regulation of TGF-b signalling and production of type I collagen and CCN2.
| Reduction of fibroblast size per se does not down-regulate TGF-b signalling or TbRII
Integrins are cell surface receptors that bind to the ECM and link the ECM to the intracellular actin cytoskeleton. Integrins thereby play a critical role in normal cell attachment and spreading. 39, 40 Disassembly of the actin cytoskeleton reduces cell spreading. We Interestingly, we observed that actin cytoskeleton disassembly leads to significant induction of miR-21 levels ( Figure 5A ). Furthermore, we found that miR-21 mimic significantly down-regulated TbRII protein level, whereas miR-21 inhibitor significantly increased TbRII protein level in human dermal fibroblasts ( Figure 5B ). Importantly, blocking miR-21 induction by miR-21 inhibitor prevented suppression of TbRII by actin cytoskeleton disassembly ( Figure 5C ). We also confirmed that miR-21 mimic inhibited Smad3 phosphorylation (Figure 5D ,E) and reduced the expression of TbRII, and TGF-b target genes, type I collagen and CCN2 ( Figure 5F ).
| DISCUSSION
Fibroblasts in young skin attach to dense, intact collagen fibrils, which compose the bulk of skin dermal ECM connective tissue. This attachment promotes assembly of the actin cytoskeleton and generation of mechanical force. During ageing, dermal collagen fibrils become fragmented and disorganized. 17, 18, 20 This degeneration of the dermal ECM impairs fibroblast attachment and consequent assembly of the intracellular actin cytoskeleton. Decline of collagen production by fibroblasts is a prominent feature of skin ageing. 5, 6, 9, 44 Emerging evidence indicates that cell-substrate attachment and assembly of the actin cytoskeleton, play critical roles in diverse cellular biological processes, such as proliferation, differentiation, signal transduction and gene expression. We found that limited fibroblast spreading, due to either integrinindependent cell attachment, or at early times after integrinmediated attachment, does not reduce TbRII or impair TGF-b signalling ( Figures S1 and S2 ). These data support the conclusion that actin cytoskeletal disassembly, rather than reduced fibroblast spreading per se, down-regulates TbRII, leading to reduced collagen production.
Interestingly, miR-21, a potent inhibitor of TbRII expression, 42, 43 is induced by actin cytoskeleton disassembly and mediates TbRII down-regulation. These data suggest that expression of miR-21 may be regulated, in part, by cellular mechanical sensing mechanisms. The transcription factor activator protein 1 (AP-1) has been reported to directly regulate expression of miR-21 through several response elements in the miR-21 promoter. 53 We have previously reported that reduced mechanical force elevates AP-1 activity in human dermal fibroblasts, 17 suggesting that miR-21 elevation in response to actin cytoskeleton disassembly may result from activation of AP-1. Additionally, we reported that reduced mechanical force increases reactive oxygen species (ROS), which induce AP-1, 54 in human dermal fibroblasts. 17, 56 Interestingly, elevated ROS specifically down-regulates TbRII, without affecting TbRI. 34 These data support the possibility that actin cytoskeleton disassembly may up-regulate miR-21
through ROS-mediated AP-1 activation, leading to down-regulation of TbRII. Obviously, additional studies are needed to address the detailed molecular mechanism(s) of actin cytoskeleton-specific downregulation of TbRII expression.
We and others have previously shown that many TGF-b/ Smad-regulated ECM proteins are down-regulated in aged human skin. 9, 44 Importantly, we observed down-regulation TbRII in naturally aged, 30 photoaged, 30 and acute ultraviolet-irradiated human skin in vivo, 51 with no change of TbRI expression. These data indicate that TbRII and TbRI are differentially regulated and that
TbRII specific down-regulation may play a key role in impaired TGF-b/Smad signalling and reduced ECM synthesis that are observed in aged human skin.
Recently, we reported that enhancing mechanical support within the dermis by direct injection of dermal filler (cross-linked hyaluronic acid) into aged human skin in vivo increases TbRII levels, and stimulates collagen and CCN2 expression. 56, 57 These data indicate that dermal fibroblasts in aged human skin retain their capacity to up-regulate the TGF-b pathway and produce collagen. Thus, loss of structural integrity of the dermal ECM, with concomitant reduced attachment and actin cytoskeleton disassembly, may be drive the decline of collagen production by fibroblasts in aged human skin.
In summary, we report that disassembly of actin cytoskeleton leads to down-regulation of type I collagen via impairment of TGF-b/Smad signalling. Actin cytoskeleton disassembly up-regulates miR-21, which in turn impairs TGF-b signalling via specific down-regulation of TbRII. These findings provide mechanistic insight regarding reduced expression of TbRII and type I collagen, which are observed in aged human skin ( Figure 5G ).
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